Abstract Slope aspect exerts important influence on soil erosion intensity and geomorphologic evolution of land surfaces. Using a digital elevation model (DEM 2 m 9 2 m resolution) the gully development intensity in the Wangjiagou catchment on the Chinese Loess Plateau is found to vary as a function of aspect-induced differences in topoclimate. The sunny slopes (i.e., SW, S, and SE aspects) have higher gully erosion intensity than that on the shady slopes (i.e., NE, N, and NW aspects), indicating that southfacing slopes experience faster geomorphic evolution. Variations in process activity can be explained in large part by aspect-induced differences in soil temperature, soil moisture and transpiration, wind force, vegetation coverage and land use pattern on different slope aspects. Lower vegetation coverage and more intensive agricultural activity cause increased erodibility on the sunny slopes. Wind-driven rainstorms can partly explain the higher soil erosion intensity for the sunny slopes, while the impact of mass movement on different slopes is minor. The combination of these factors leads to different soil erosion intensities and geomorphic evolutions on different slopes in the hilly loess region of the Chinese Loess Plateau.
Introduction
Soil erosion is the most important land degradation problem worldwide and is controlled by climatic characteristics, land topography, soil properties, vegetation, and land management (Ethiopia 2001; Ramos and Martínez-Casasnovas 2006; Wilkinson and Humphreys 2006; Martínez-Murillo et al. 2013) . Slope characteristics, including the aspect, gradient, length, and curvature of the slope, are crucially important in influencing soil erosion and act as important independent variables in many soil erosion models (e.g., ULSE, AGNPS, and ANSWERS) (Merritt et al. 2003) . More attention has been paid to the impact of slope aspect on soil erosion in the past decades and progressive achievements have been made. Both Churchill (1982) in Badland National Park (South Dakota, America) and Yair and Lavee (1980) in a badland (North Negev, Isreal) found that soil erosion intensity on the shady slopes is several orders of magnitude greater than that on the sunny slopes as a consequence of the higher antecedent moisture levels and erodible material on the shady slopes. In semi-arid northeastern Arizona, however, the northfacing bedrock slope is moist all year with weak clay expansion, leading to less cliff amount compared to that on south-facing slopes (Burnett et al. 2008) . Data from a Mediterranean burnt forest revealed that the sediment yields on south-facing plots are over 6 times higher than those on north-facing plots as a result of the denser plant cover and the thicker soil on the shady slopes (Marqués and Mora 1992) . This concurs with studies by Berjak et al. (1986) and Mountain (1952) . In Xinzhuang runoff plots on the Loess Plateau, Fang et al. (2011) found that more sediment is generated on the sunny slopes although the generated runoff on sunny slopes is lower than that on shady slopes. Beullens et al. (2014) found that the dominant windward side resulted in more rills developed on the southwest slopes. The discrepancies of these viewpoints mentioned above were probably attributed to the critical factor(s) in influencing soil erosion on different slope aspects. However, as mentioned above, the effects of slope aspect on soil erosion mainly focus on the slope surface dominated by sheet and rill erosions, while few studies are conducted at a basin scale and on gully erosion.
Soil erosion on the Chinese Loess Plateau is among the highest in the world, especially in the hilly loess regions with mean annual sediment yield of approximate 1.5 9 10 4 t km -2 , which acts as a main sediment source of the Yellow River (Huang 1955; Chen 1983; Tang et al. 1991) . As a typically hilly loess region of the Loess Plateau, Wangjiagou Catchment was selected in this paper to acknowledge the role that slope aspect plays in influencing soil erosion and geomorphic evolution at a basin scale.
Materials and methods

Description of the study area
Wangjiagou River in Lishi County is an effluent of the Beichuan River, located in western Shanxi Province in a hilly loess region on the Chinese Loess Plateau (Fig. 1) . Its catchment has an area of 8.8 km 2 . Mean annual precipitation is 506.5 mm, 80.2 % of which falls from May to September. Mean annual evaporation is 1700 mm, approximately three times that of precipitation. Northeastern wind often occurs in spring and southeastern wind often in summer with wind velocity of 3.4-10.7 m s -1 and with gusts up to 20 m s -1 . The period of freezing weather is about 150 days per year, and the freezing depth ranges from 100 to 150 mm.
The main geomorphologic type is made up of mao (meaning isolated hills in Chinese). The difference in elevation ranges from 100 to 300 m. The mean slope gradient for the upper hillslope is about 20°, and the lower generally over 40°. There is an apparent gully edge line for the upper and lower hillslopes.
Food crop is the main land use type. Primary crops include: sorghum (Andropogon sorghum), maize (Zea may LCV), foxtail millet (Setaria italica), soybean (Glycine max), and potato (Solanum tuberosum). Other crops such as wheat (Triticum aestivum), oats (Avena sativa) and crudefiber crops are also planted in the study area. Sixty percent of the catchment is cultivated, and 15-20 % of the croplands are planted on the slopes with gradients greater than 15°. The vegetation coverage is Wangjiagou Catchment Fig. 1 Location of the study area and its slope aspect differentiation (F represents flat area, N, NE, E, SE, S, SW, W and NW represent the eight slope aspects, respectively) 10-20 %. The silt-sized soil is derived from loess deposit, and has a sand content of 13.5 % and a clay content of 28.4 %.Soil organic matter content is 1.0 %, CaCO 3 content is 12.1 %, and bulk density ranges from 1.13 to 1.19 g cm -3 ( Table 1 ). The sediment yield is severe with a specific sediment yield of ca. 2 9 10 4 t km -2 year -1 or even more (Gong and Xiong 1980; Cai et al. 1998 ).
Data source and treatment
Using an aerial photo taken in 1999 of the study area, a digital elevation model (DEM) was made with 2 m 9 2 m resolution. ArcGIS 9.3 was used to extract the areas at different slope aspects. The catchment was classified as 8 aspects at 45°interval, regarding N as the northern (337.5°-22.5°), NE as the northeastern (22.5°-67.5°), E as the eastern (67.5°-112.5°), SE as the southeastern (112.5°-157.5°), S as the southern (157.5°-202.5°), SW as the southwestern (202.5°-247.5°), W as the western (247.5°-292.5°), and NW as the northwestern (292.5°-337.5°), respectively ( Fig. 1) .
Steep slope is active in inducing soil erosion for the loose soil. Downslope, the abrupt increase in slope gradient often appears at a gradient of 30°-35°. According to the definition by Jiang and Zhao (1966) , the area where slope gradient larger than 30°is regarded as gully slope. Using AcrGIS 9.3, the distribution of the hillslopes larger than 30°in gradient (i.e., gully slope) was extracted from the DEM (Fig. 2) .
By overlapping the area distribution of each aspect in Fig. 1 and the area distribution of gully slope in Fig. 2 , the gully slope area for each aspect can thus be obtained by the product of the amount of pixels of gully slope for each aspect and the DEM spatial resolution.
Calculation of developing degree of gully slope
Gully slope on the Loess Plateau is an important sediment source (Tang 1991; Cai et al. 1998; Xu 1999; Yang et al. 2006) . This means that the magnitude of gully slope area is a good indicator of soil erosion intensity. Therefore, the changing ratio of gully slope area to the total area for each aspect can disclose the spatial variability of soil erosion intensity and evolution of geomorphology and can thus be used to explore the effect of slope aspect on soil erosion intensity. The ratio of gully slope area to the total area is calculated:
where E i is developing degree of gully slope in % for each aspect, A g is gully slope area in km 2 for each aspect and A, area of each slope aspect in km 2 (Table 2) .
Results
Slope aspect differentiation
The loess hilly region characterizes an undulant geomorphology with a large area differentiation of slope aspect ( Fig. 1) . The main slope aspect is in the direction of SW, and the land areas in the SW, W and S slope aspects occupy 15.5, 15.7 and 8.4 % of the total, adding up to 39.6 % of the total for the three slope aspects (Table 2 ). In contrast, the area for the N-oriented slopes (e.g., the aspects of N, NW, and NE) is less than 33 % and the area of flat ground only accounts for 8.7 % in the study area. Developing degree of gully slope
Gully slope is an important topographic component on the Chinese Loess Plateau, and the E i value reflects the magnitude of erosion intensity. E i differs in different slope aspects and the E i values are higher on the sunny slopes (SE, S, and SW) than that on the shady slopes (NW, N, and NE; Fig. 3 ). In respect to sunny slopes, the largest E i value of 58.76 % and the second largest one of 55.34 % occur in the directions of SW and SE, respectively, while not in the S aspect. The E i values for the east-and west-facing slopes are lower than those on the south-facing slopes. The E i value of 32.45 % on northfacing slopes is the smallest one. The different E i values in different slope aspects imply the effect of slope aspect on soil erosion intensity. The discussion in the next section will focus on sunny slope and shady slope in influencing soil erosion intensity.
Discussion Slope aspect and hydrothermal status
The control exerted by slope aspect on soil erosion is related to the receipts of solar radiation on different slopes (e.g., Besler 1987; Sigua and Coleman 2010) . Because sunny slopes have higher solar radiation angle and more insolation duration, they can receive higher solar radiation amount than the shady slopes. In the study area, the total amount of solar radiation received on the sunny slopes per day is 1.67 and 1.2 times of those on the shady slopes and on the flat grounds, respectively, and the difference is especially larger in the winter half of the year (Cai et al. 1998 ). Higher solar radiation makes higher surface temperature and water evaporation. In the acacia (Acacia) forest region of the Chacaizhugou gully of the study catchment, although the sunny and shady slopes have similar ages of Acacia and slope gradients (Yang and Yu 1992) , the water loss in flood season is higher on the sunny slopes than that on the shady slopes, especially in 1989 with 189 mm water loss on the sunny slopes and 137 mm water loss on the shady slopes (Table 3) . The difference of water loss results in different moisture regimes on different slopes. The cumulative effect of the moisture difference can alter the gross hydrological balance over an extended period of time (Reid 1973) , and the topoclimatic differences may be most pronounced in areas of moisture deficiency where aspect-induced differences in moisture conditions are likely more critical than they would be in areas of abundant moisture (Churchill 1981) . In the Guangdaoliang experimental station of the study catchment, the mean soil water content during 1988-1989 differed little on the terrace lands for the sunny and shady slopes, but the soil water content in barren lands on the shady slopes was almost 1.5 times of that on the sunny slopes (Table 4) . Fang et al. (2011) also found higher soil water contents on the south-oriented runoff plot in Xinzhuang experimental area. On the Loess Plateau, the climate is semi-arid, and water is a crucial factor in determining vegetation growth. Due to water deficit, mass mortality of infant plants or even mature trees is found in the artificial forest region (He et al. 2006) . Different water contents in soil can lead to different vegetation coverage which will influence soil erosion. 
Slope aspect and vegetation
Vegetation coverage is a crucial factor in controlling soil loss. Soil erosion intensity decreases dramatically with the increase in vegetation coverage on the Chinese Loess Plateau (Shi and Shao 2000; Zhang et al. 2004; Liu et al. 2005; Ran et al. 2013) . Vegetation coverage on the Loess Plateau is lower on the sunny slopes with only 10 -20 % and higher on the shady slopes with 30 % (Jing et al. 1997) . Acacia is one of the major trees planted in Wangjiagou Catchment, occupying 95.6 % of the total woodland areas. Data in Table 5 indicates that 51.36 % of the acacia grows on the shady Mao and shady gully slopes. Due to higher water content on the shady slopes, grass/ shrub vegetation occupies the sunny slopes, while forests are located mainly on the shady slopes. Nyssen and Vermeersch (2010) found correlations between slope aspect and tree cover, with highest tree cover and lower rill erosion on the shady slopes. The higher vegetation coverage leads to higher anti-erosion capacity and lower E i values for the shady slopes than the sunny slope counterparts. The different anti-erosion capacities at different slopes affect geomorphic evolution dynamics.
Slope aspect and wind-driven rainfall erosion
Slope aspect appears to significantly influence erosion rates (Wilkinson and Humphreys 2006) . Besides its impact on underlying characteristics (e.g., hydrothermal status, vegetation cover and soil development), wind-driven rainfall erosion cannot be neglected and has been given much attention to in recent years (e.g., Vieira et al. 2004; Foulds and Warburton 2007; Erkal et al. 2012; Fister et al. 2012 ).
In the Wangjiagou Catchment, the mean monthly wind velocity ranges from 1.7 to 2.5 m s -1 in the year period of 1964-1980, with the maximum wind velocity of 15 m s -1 . In the study area, soil erosion mainly occurs during highintensity rainstorms. When rainstorms happen, the associated wind with it greatly influences soil erosion capacity. Affected by wind action, more rainfall and higher dynamic energy of raindrop erosion occur on the windward slopes than those on the leeward slopes (Iserloh et al. 2013) , and wind-driven rainfall erosion processes are geomorphologically important (Vieira et al. 2004) .
Using a portable wind and rainfall simulator, Fister et al. (2012) found that soil erosion rates by wind-driven rain are 30-50 % higher than from windless rain. Thus, it can be imaginable that more intensive soil erosion would occur on the windward slopes than that on the leeward slopes if other factors were the same. Figures 3 and 4 demonstrate that the largest mean annual occurring frequency of NNE wind larger than 4 m s -1 in velocity does not lead to the largest E i value, while the locations with the second and third largest mean annual wind velocities correspond with the largest and second largest E i values in the SW and SE directions, respectively. The disparity of the wind and E i rose can be explained in large part by the higher vegetation coverage which partly counteracts the impact of wind action on erosion intensity. Noticeably, although winddriven rain can impact gully development, it cannot control the direction towards the gully head is moving. The head pointing directions of the primary channels and/or gullies obtained from the DEM are quite different from the wind directions (Fig. 5) . In water erosion-dominated areas, wind can influence gully development, but it has not enough energy to determine its retreat direction. Chaplot et al. (2011) pointed out that runoff erosion was the dominant mechanism controlling gully retreat, followed by winddriven splash and fall down of aggregates.
Slope aspect and wasting mass movement
Wasting mass movement, mostly occurring on steep slopes, plays an important role in leading to severe soil erosion. Counts of identifiable mass movement features including predominantly slump scars and mudflow lobes were made for Wangjiagou basin by Zhu (1989) . Figure 6 shows that almost all the investigated sub-basins had higher occurring frequency of slumping scenarios on the shady slopes, with mean values of 57 and 43 % on the shady and sunny slopes, respectively. This phenomenon is probably due to lower normal stress resulting from higher soil water content on shady slopes (Luk et al. 1989; Churchill 1982) . In the northern Ethiopian highlands, Van Den Eeckhaut et al. (2009) also found that N-oriented slopes have a slightly higher landslide occurring frequency. Burnett et al. (2008) demonstrated that aspect strongly influences slope and cliff processes through differences in soil moisture. However, these enumerative counts alone may fail to expose erosion intensity for the sunny and shady slopes. In the White River Badlands of South Dakota, though nearly 85 % of all slump scars and mudflow lobes occur on the shady slopes, there is little difference in magnitude of failures between shady and sunny slopes (Churchill 1982) . In the study area, soil moisture determines vegetation growth and anti-erosion capacity. The higher vegetation coverage due to higher moisture can be hypothesized to counterpart the higher frequency of mass movement scenarios on the shady slopes though no evidence has yet been provided, so that the mass movements does not significantly influence the difference of E i for the sunny and shady slopes. 
Slope aspect and human activity
Human activity is an important agent in influencing soil erosion (Li 1988; Torri et al. 2013) . For higher solar radiation, cropland is first cultivated on the sunny slopes. With increasing population, shady slopes begin to be cultivated. Because of higher water content on the shady slopes, crop yields are higher than those on the sunny slopes (Table 6 ). The agricultural activities can greatly influence vegetation coverage and anti-erosion capacity of the surface soil, greatly enhancing soil erosion (Fu 1989; Fu and Gulinck 1994; Uri 2001; Chen et al. 2003; Gong et al. 2006) . Though cultivated lands increase on the shady slopes with increasing population, the plantation areas for the main crops in the study area on the sunny slopes are still higher than those on the shady slopes (Table 6) , which can partly explain the difference in soil erosion intensity on the sunny versus shady slopes.
The difference of soil erosion intensity in different slope aspects is a complicated process determined by erosion capacity of rainstorm/wind, anti-erosion capacity of underlying surface, and human activities since geologic period. Different combinations of the factors mentioned above probably lead to different soil erosion intensities and geomorphic evolutions. For example, in Belgium spoil heaps there is a strong negative correlation between landsliding and tree cover (Nyssen and Vermeersch 2010) . However, this is not the case in our present study, implying that other factors would not be neglected when geographic dynamics are studied in respect of slope aspects.
The results in this study are based on a modeling approach and give a qualitative analysis of the effect of slope aspect on soil erosion intensity at a basin scale. Real data from field work are required to validate current study. However, because the E i at different aspects depend on multiple factors mentioned above, and a field work at smaller scales such as at a sub-basin cannot also represent the whole catchment, the real data are not available in current time. Deep studies are required to monitor gully development for the whole basin in the future. However, this paper gives an initial attempt to study gully development intensity at a basin scale. Importantly, it can also serve as an introduction to a new one with experimental work. For example, it can guide plot location in the field to study the effect of slope aspect on runoff and erosion at a plot scale based on the invoked parameter E i .
Conclusions
Slope aspect acts as a macrofactor or integrated factor in influencing soil erosion, and to some extent it controls temperature, evaporation and soil moisture, vegetation coverage, mass movement and human activities etc. Using a 1:13000 digital elevation model (DEM), an agent of Dam land is a kind of flat cultivated land on the gully bed artificially made by blocking the eroded materials from slopes and gullies YT yield for terrace land per ha, YS yield for sloping land per ha, Y yield for dam land per ha, ''-'' without plantation for the crop indicated Data from Yang and Yu (1992) Environ Earth Sci (2015) 74:5677-5685 5683 developing degree of gully slope E i was used to study aspect-induced soil erosion intensity and geomorphic evolution in Wangjiagou Catchment. There exists a great difference of soil erosion intensity at different slope aspects, and E i values on the sunny slopes (including SW, SE and S) were higher than those on the shady slopes (including NE, N and NW aspects). Sunny slopes receive higher solar radiation, resulting in higher water loss, lower soil water content and lower vegetation coverage than the counterparts on the shady slopes, and the sunny slopes suffer severer land cultivation compared to the shady slopes. Wind-driven rainfall erosion cannot be neglected in the study region, the largest and the second largest E i values in the SW and SE aspects correspond with the second and third largest annual occurring frequency of the wind larger than 4 m s -1 in velocity. Probably influenced by vegetation coverage, wind-derived rainfall erosion and agricultural activity, the mass movement scenarios present a minor effect on aspect-induced soil erosion intensity. The difference of soil erosion intensity is a complicated process determined by the erosion capacity induced by rainstorm and wind, anti-erosion capacity of underlying surface and human activities. Different combinations of the factors mentioned above probably lead to different soil erosion intensities and geomorphic evolutions. Further study on field work monitoring gully development at different slope aspects at a basin scale is urgently required in future.
